Impaired vascular endothelium-dependent relaxation and augmented contractile responses have been reported in several models of long-term hyperglycemia. However, the effects of short-term ambient hyperglycemia are poorly understood. Since oxidative stress has been implicated as a contributor to impaired vascular function, we investigated the following: Aims: (1) the effects of high glucose exposure in vitro (7-10 days) on vascular relaxation to acetylcholine (Ach) and contractility to norepinephrine (NE) and KC1; (2) 
Impaired vascular endothelium-dependent relaxation and augmented contractile responses have been reported in several models of long-term hyperglycemia. However, the effects of short-term ambient hyperglycemia are poorly understood. Since oxidative stress has been implicated as a contributor to impaired vascular function, we investigated the following: Aims: (1) the effects of high glucose exposure in vitro (7-10 days) on vascular relaxation to acetylcholine (Ach) and contractility to norepinephrine (NE) and KC1; (2) if NO-dependent cGMP generation is affected under these conditions; and (3) aortic redox status.
Methods: Non-diabetic rat tail artery rings were incubated in normal (5mM) (control NG) or high (20mM) glucose buffer (control HG) . Vascular responses to Ach, NE and KC1 were compared to those of streptozotocin (SZ) diabetic animals in the same buffers (diabetic NG, diabetic HG). Achstimulated cGMP levels were quantitated as an indirect assessment of endothelial nitric oxide (NO) production and oxidative stress evaluated by measuring vascular glutathione and oxidized glutathione.
Results: Rings from diabetic rats in NG showed impaired relaxation to Ach (P=0.002) but relaxed normally, when maintained in HG. Similarly, contractile responses to NE were attenuated in diabetic rings in NG but similar to controls in HG. HG markedly augmented maximal contraction to KC1 compared to control and diabetic vessels in NG (P < 0.0001). Diabetic vessels in a hyperosmolar, but normoglycemic, milieu respond like those in HG. In vitro, HG for 2hours changed neither relaxation nor contractile responses to NE and KC1 in control rings. Basal cGMP levels were lower in aortae from diabetic animals pre-incubated in NG than in HG/LG or in control rings in NG (P <0.05 (Johnstone et al., 1993) and animal diabetic states (Kamata et al., 1989; Durante et al., 1988; Graier et al., 1993 Graier et al., , 1996 . However, current information on vascular tone in diabetes is largely derived from long-term animal models where irreversible arterial wall changes such as glycation and collagen deposition may contribute to endothelial and/ or VSM dysfunction (Poston and Taylor, 1995) .
Indeed, in human disease, impairment of endothelium-dependent relaxation does not correlate with glycemic control (Johnstone et al., 1993) and normal vascular relaxation to acetylcholine (Ach) has been reported in uncomplicated type 2 diabetes mellitus (Avogaro et al., 1997) . Also, in short-term hyperglycemia (1 and 7 hrs), contractile responses to norepinephrine (NE) were unaffected in normal subjects using forearm perfusion techniques (Houben et al., 1993 (Houben et al., , 1994 . In animal models, responses appear to vary in different vascular beds; changes in endothelial and/or vascular smooth muscle NO production are thought to mediate, at least in part, the high glucose effects on vascular reactivity (Bohlen and Lash, 1993; Taylor and Poston, 1994; Wascher et al., 1995; Cipolla et al., 1997) . High glucose concentrations have been reported to decrease NO production by some investigators (Gupta et al., 1992) but, others have shown that high glucose concentrations enhance NO production perhaps as a compensatory mechanism for the associated excess superoxide radicals and oxidative stress (Graier et al., 1996) . This (Ibu and Short, 1986) . Three millimeter rings were suspended from isometric force transducers (Gould instrument, Cleveland, OH) in muscle baths containing the buffers described above at 37C and aerated with a mixture of 95% 02 and 5% CO2, pH 7.4. Rings were stretched to I gm tension and allowed to stabilize for 30min before adding agonists (Walsh et al., 1996) Responses studied included relaxation to cumulative doses of Ach (10-12-10-5M) after submaximal contraction with KC1 (35 mM, 80-90% of maximal contractility), contraction to NE (10-1-10-5M) and to KCL (10-45mM).
cGMP Assay
Aortae were used for measuring cGMP because they provide a larger sample and respond similarly to tail vasculature (Walsh et al., 1996) . In results similar to our own, Abiru et al., reported a shift to the right in the concentration-response relaxation curve to Ach in mesenteric arteries of diabetic rats. This was accompanied by lower levels of both cAMP and cGMP (Abiru et al., 1993) . However, Graier et al., reported that exposure to high glucose concentrations for 24 hours enhances bradykinin-induced-NO production in cultured aortic endothelial cells (Graier et al., 1996) as well as cGMP generation (Graier et al., 1993) in association with greater concentrations of superoxide radicals (Graier et al., 1996) . In our investigation, blockade of NO formation by L-NAME abolished cGMP responses to Ach, supporting the conclusion that differences in cGMP responses to Ach reflect altered NO metabolism. However, we observed augmented cGMP accumulation only in vessels from diabetic animals while the increase in cGMP responses in vessels from control rats placed in high glucose buffer was marginal and did not reach statistical significance. The difference between our results and those cited above may reflect differences in vascular beds, the short period (2 hrs) of high glucose exposure of control vessels in our study, and possibly, a greater ability of phosphodiesterase inhibitors to prevent cGMP degradation in cultured cells in contrast to vascular rings. Our results also show greater oxidative stress in diabetic animals as manifested by reduced glutathione (GSH) and elevated oxidized glutathione (GSSG) content in the vessels. These data are in agreement with Graier's report of a compensatory increase in NO production in response to oxidative stress. Although the effect(s) of glucose on cGMP phosphodiesterase has not been examined in the vasculature, in other cells, glucose and hyperosmolality inhibit cGMP phosphodiesterase activity and enhance cGMP levels (Oyama, 1996; Kuwayama et al., 1996) .
Relaxation to Ach in diabetic vessels kept in HG was not commensurate with the higher levels of cGMP. This suggests that enhanced Achstimulated cGMP generation compensates for a defect distal to and/or independent from NOinduced cGMP generation. Indeed, the capacity of nitro-compounds to raise cGMP correlates well with their potency to relax contracted vessels (Popescu et al., 1985) . Increased production of constrictive prostaglandins (Tesfamariam et al., 1990) and/or superoxide radical (Graier et al., 1996) and decreased generation of endothelium-dependent hyperpolarization factor (Fukao et al., 1997) (Pieper et al., 1997) . Although others have reported no improvement with up to 40mM glucose (Archibald et al., 1996) , these data underscore the importance of maintaining a high glucose or comparable osmolar environment during evaluation of vessels from diabetic animals. Graier et al. (1993 Graier et al. ( , 1996 Both the endothelium (Zvgmunt et al., 1995) and VSMC (Yeh et al., 1996; Chaprie and Webb, 1993) contribute to NO production. Therefore, basal cGMP levels reflect the end product of endothelial and VSMC NO generation as well as other factors that may alter cGMP metabolism and guanylate cyclase activity. Although our data show that the high glucose buffer did not alter basal cGMP in vessels from control animals, it normalized levels in aortae from diabetic rats, an effect mimicked by the hyperosmolar effect of L-glucose. Since VSMC-derived NO may act in an autocrine manner to limit contractile activity (Yeh et al., 1996; Chaprie and Webb, 1993) (Barbagallo et al., 1995) , activate PKC by elevated diacylglycerol levels (Williams, 1995; Williams and Howard, 1994; Lee et al., 1989; Inoguchi et al., 1992) and inhibit Na+-K + ATPase activity (Gupta et al., 1992; Xia et al., 1995) . In addition, in cardiomyocytes, decreased cellular GSH was shown to lower Na +-K+ATPase activity (Haddock et al., 1995) (Campbell et al., 1996) . Therefore, the increased oxidative stress seen in our study may explain why enhanced NO production prevented augmented responses to NE but not to KC1 considering that KCl-induced contraction is mainly mediated by voltage-dependent Ca 2+ influx (Himpens et al., 1988) , and may also explain why results from cell culture experiments differ from ex vivo ones. High glucose-induced impairment of endothelial NO production has been proposed to decrease Na+-K + ATPase (Gupta et al., 1992) but the current data do not support this notion.
The effects of hyperosmolality on VSMC remain unclear and controversial (Barbagallo et al., 1995; Williams and Howard 1994; Nielsen et al., 1995; Soleimani et al., 1995) . However, in this investigation, in the tail artery and aorta, high glucose had no effect on normal vessels, suggesting that neither high glucose nor elevated osmolality play a role in these vascular beds in normal rats in the short term (2 hr (Rumble et al., 1997) . Although collagen deposition has been reported after one week of SZ-induced diabetes (Rumble et al., 1997) , this is unlikely to mediate impaired vascular relaxation since endotheliumindependent relaxation remains intact 8 weeks after SZ treatment (Tesfamariam et al., 1990) . On the other hand, rapid glycation dependent on reactive glucose metabolites in endothelial cells may contribute to the overall oxidative stress and vascular dysfunction seen in the short term.
In summary, our data indicate that: (1) endothelium-dependent relaxation is altered in the tail artery in the early stages of experimental diabetes; (2) aortic Ach-stimulated cGMP responses in diabetes are enhanced; and (3) some glucose effects on vascular reactivity are mediated.by its osmotic properties; thus, in shortterm diabetic animals, hyperglycemia-enhanced compensatory mechanisms to oxidative stress aimed at maintaining vascular function are evident, at least in the tail artery and aorta, while similar mechanisms are not activated by a 2hr exposure of normal vessels to high glucose.
